Single-phase nickel-titanium alloys were successfully synthesized by using a powder metallurgical process based on the use of a calcium reductant source during sintering in argon atmosphere (VPCR process). This process allows avoiding secondary phase formation during the NiTi compound forming reaction. The experimental results show that both heating rate and sintering temperature play a significant role on the final porosity. Different sintering stages at temperatures below T E (Ti 2 Ni), between T E (Ti 2 Ni) and T E (Ni 3 Ti), and above T E (Ni 3 Ti) were investigated in order to elucidate the influence of the two liquid eutectics on the densification. By choosing a slow heating rate of 0.5 K/min and a long time sintering at 1193 K, an almost dense single-phase NiTi compact was obtained with austenite $ martensite transformation heats comparable to those found in melt-cast NiTi alloys.
Introduction
Since two decades, attempts were made to obtain dense single-phase NiTi shape memory alloys through different powder metallurgical routes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] If full densification was rapidly achieved by using hot pressing, 3, 4) hot isostatic pressing (HIP) [5] [6] [7] [8] [9] and field-activated pressure-assisted synthesis, 10) the goal of obtaining single-phase NiTi products was not fully achieved. The Ni-Ti system presents several critical features, which are difficult to overcome by powder technology. They are the limited stability domain of the NiTi phase which does not allow to go far from the stoichiometric value, the presence of two neighbouring stable intermetallics Ti 2 Ni and Ni 3 Ti formed by liquid eutectic reactions at 1215 and 1391 K, 11) respectively, and the possible precipitation of a metastable Ni-rich phase Ni 4 Ti 3 .
12) The presence of unreacted elemental Ni was also often pointed out. Furthermore, due to the highly exothermicity of the NiTi compound forming reaction, particular attention must be take during solid-state sintering in order to locally avoid strong temperature elevations. This property was used for synthesizing porous NiTi by self-propagating high-temperature/combustion synthesis (SHS). 13, 14) Moreover, the large difference in the diffusion coefficient of titanium and nickel must also be taking into account since it could lead to severe pore formations (Kirkendall effects). In the present work, it is shown how most of these limitations could be successfully breakdown by sintering NiTi in a calcium-reducing atmosphere. The process used, so-called VPCR process, 15, 16) allows obtaining highly homogeneous NiTi alloys with composition close to nominal ones. The previous results, obtained by using VPCR process, confirmed that oxygen might play a major role in the solid-state sintering of NiTi alloys. Oxygen is suspected to widely influence the formation of the Ti 2 Ni secondary phase through the stabilization of the corresponding ternary oxides Ti 4 Ni 2 O x (0 < x 1) with same fcc structure. 17, 18) Therefore, oxide formations may cause a nickel-enrichment in the NiTi matrix and as a result, could favor the formation of additional Ni-rich phases. One other important critical issue of the NiTi powder technological processing is to achieve final compositions close to nominal ones because any changes in nickel content of the NiTi matrix may shift the transformation temperatures in a uncontrollable manner. 19, 20) In this work, it will be shown that, by using VPCR process, near-equiatomic single-phase NiTi alloys with phase transformation temperatures and latent heats close to those of reference melt-cast alloys, are obtained. Furthermore, by choosing suitable sintering parameters, the porosity rate can be controlled. Depending of the final density of the sample, different applications may be regarded. Highly porous as-sintered single-phase NiTi, free of metallic nickel, could be used as a biomaterial for different kind of implants such as bone graft substitutes 21) whereas almost dense as-sintered NiTi with good shape-memory effects can be used as functional materials.
15)

Experimental Details
Titanium dihydride, TiH 2 , was used as a raw material because several studies showed that it led to a more homogeneous pore distribution in argon-sintered NiTi alloys. 22, 23) It was purchased from Alfa Aesar Ltd. (nominal average particle size = 4.9 mm, 99% purity), as nickel carbonyl powder (APS ¼ 3{7 mm, 99% purity). The particle size distributions of each starting powder were measured using a laser-light scattering method (Malvern Mastersizer IP apparatus). For elemental nickel and titanium dihydride, the measured mean diameters at 0.5-percentage point were found to be 6.97 and 6.25 mm, respectively. The starting powders were mixed in the equimolar ratio and warm-compacted in a uniaxial single-motion punch-die assembly at 523 K for 2 min, under 600 MPa pressure. The obtained green compacts have densities of about 76% of the NiTi theoretical one (6.45 g/cm 3 ). Such enhancement of the green body density could be helpful for producing almost dense NiTi samples. The sintering process was performed using an experimental setup consisting of a horizontal refractory stainless steel reactor, a removable tubular furnace, a turbo molecular pump and an argon gas container (Ar 6N quality; purity ! 99.9999 vol%). Both, Ni/TiH 2 preform (green compact) and calcium source were placed in two separate molybdenum crucibles in order to avoid direct contamination since several stable intermetallic phases belong to the binary Ca-Ni system. 24) A typical sintering cycle consists in a dehydrogenation stage, typically performed at 773 K for 4 h under high vacuum (P ¼ $ 10 À3 Pa) following by a solid-state diffusion stage under Ca reducing vapor at higher temperature. The first stage allows the full dehydrogenation of titanium dihydride before the NiTi compound forming reaction. 25) Different sintering stages were used in order to study the influence of the sintering parameters. Heating rates of 0.5 and 2 K/min were used. Sintering temperatures were chosen considering temperatures of the two liquid eutectic reactions T E (Ti 2 Ni) and T E (Ni 3 Ti). Thus, three different sintering cycles were performed: the first one at 1193 K, the second one at 1193 and 1373 K, the third one at 1193 and 1423 K. A thermocouple placed in the vicinity of the sample was used to accurately measure the sintering temperature. At the end of the sintering process, the tube reactor was removed from the furnace and water-quenched. This avoids the formation of the metastable Ni 4 Ti 3 phase. 17) X-ray powder diffraction data were recorded at room temperature using a X'pert Pro PANalytical diffractometer (! ¼ 0:154056 nm, 2 step = 0.02 , step time = 40 s, detector type: X'Celerator). The X'pert Highscore software was used to determine crystallographic phase composition. A scanning electron microscope (SEM) LEO 1525 in conjunction with an energy-dispersive X-ray spectrometer (EDS) were used to study microstructures and local chemical compositions. The final residual porosity of the sample was estimated by quantitative image analysis of the back-scattered electron micrograph. The porosity was defined as the ratio of areas occupied by pores to the total area. The martensitic transformation temperatures and associated latent heats were recorded using a differential scanning calorimeter (Mettler Toledo DSC30 system). Before sample measurements, calibration of the temperature and heat flow was made using a reference standard (indium). Both heating and cooling rates were 10 K/min and measurements were carried out under nitrogen gas flow. Typical sample weights were about 20 mg. The Mettler Star evaluation software was used to determine the starting and finishing austenite $ martensite transformation temperatures ðA s ; A f ; M s ; M f Þ and phase transformation energies ðÁH A ; ÁH M Þ. Figure 1 shows microstructures of NiTi samples sintering at 1193 K for 6 h using two different heating rates (left: 0.5 K/min, right: 2 K/min). By using a very slow heating rate, the porosity rate is clearly reduced. The pore diameter are smaller and few. Therefore, lowering the heating rate allows controlling the exothermic formation reaction of nickel-titanium and obtaining a better densification of the compacts (see also previous results from Zhang et al.
Results and Discussion
1)
). 100 µm 10 µm Attempt to increase the densification was made by sintering a sample at 1193 K for a longer time (48 h). Secondary electron micrographs of the long-time as-sintered NiTi sample are presented in Fig. 2 . They show that by using a two-days sintering time, porosity rate decreases. Two kinds of closed pores remain: large elongated pores, of about 10 mm in length, and small circular pores, of diameters less than 1 mm. The former are residual pores from grain boundary formation and diffusion while the latter are typical of entrapped gas. Figure 3 shows X-ray diffraction patterns of the rough (see the inserted Figure) and polished surfaces of the long-time sintered NiTi sample. X-ray diffraction analyses confirm the previous scanning electron microscopy results. The room temperature XRD patterns show the presence of both B19 0 -martensite (space group: P112 1 =m, Z ¼ 2 26) ) and B2-austenite (space group: Pm-3m, Z ¼ 1) NiTi phases. Notice that XRD analysis is only indicative since some line overlapping broadening occurred. The latter generally comes from compositional fluctuations, defect density and residual strain in the sample. Therefore, it is not possible to totally exclude the presence of small content of additional secondary crystalline phases in samples. The XRD spectrum of the rough surface shows supplementary diffraction lines, which were attributed to calcium oxide. Such presence of CaO is expected as by-product of the VPCR process because calcium deposited on the surface of the sample during sintering. Calcium oxide may also be trapped in the pore during the NiTi compound forming reaction.
The The quantitative EDS analysis also highlights the presence of calcium (0.5 at%) as by-product of the calciothermic reduction process. Ti-rich and Ni-rich phases were not visible in the SEM images. Finally, the main difference with the NiTi sintered at lower temperature is the residual final porosity. This one, as estimated by image analysis, is in the range 16-18% against 7-8% for the compact sintered at 1193 K. The pore diameters are larger, up to 20 mm, and the structure appears as more open, i.e. probably connected with the surface. Thus, the relative contribution of the solutionreprecipitation stage (Ti 2 Ni transient liquid-phase sintering) to densification appears as negative, for the sintering time considered (six hours). A supplementary sintering stage was performed at temperature of 1423 K, above T E (Ni 3 Ti), during 6 h without notice a significant increase of the densification (see Fig. 5 ). Pores are slightly smaller but remain bigger than pores found in the long time sintering sample at lower temperature. Nickel contents show great discrepancies, from 49.3 to 50.5 at% (see Table 1 ) and no evidence of secondary phase formations was noticed (see SEM micrographs). Finally, according to SEM observations, a transient liquidphase formation during sintering of NiTi does not produce the desired densification. Important microstructural coarsening and pore enlargement presumably occurred during the high temperature final-stage sintering. The X-ray diffraction pattern of the NiTi sample sintered at 1423 K shows the highest content of the B19 0 phase (see Fig. 6 , bottom) whereas no marked difference in XRD phase composition was noticed between NiTi samples sintered at 1193 K (see Fig. 3 ) and 1373 K (see Fig. 6, top) .
The differential scanning calorimetric curves are depicted in Fig. 7 . Table 2 summarizes the temperatures and latent heats of phase transformation of the different NiTi samples. The NiTi alloys obtained by using the VPCR process show a single-step transformation B2 $ B19 0 , whatever the sintering cycle considered. The transformation heats vary from À21:2 to À18:8 J/g upon cooling and, from 20.9 to 24.5 J/g upon heating. These values agree with those found in meltcast NiTi alloys. 29) They suggest that as-sintered NiTi samples underwent whole phase transformations. Differences with melt-cast alloys arise in shapes of the peak. The NiTi samples sintered by using VPCR process show extent phase transformations (line broadening). Supplementary ageing treatments, as commonly performed for melt-cast alloys, may produce more narrow transformations. 30) As the sintering temperature increases from 1193 to 1423 K, the transformation temperatures slightly shift to higher values. The transformation hysteresis (difference between A p and M p ) does not vary significantly. Sintering at 1423 K, i.e. at temperature above T E (Ni 3 Ti), leads to a large broadening of the DSC peaks [see Fig. 7(c) ].
Conclusions
(1) The final porosity was the lowest one for the NiTi compact sintered at 1193 K for 48 h, and by using a 0. 
